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1. INTRODUCTION {#iwj13435-sec-0003}
===============

A pressure ulcer (PU), also called a pressure injury, is localised damage in soft tissues that are subjected to sustained mechanical loading, often by bodyweight forces.[^1^](#iwj13435-bib-0001){ref-type="ref"} Patients who are stationary, paralysed, or under anaesthesia endure prolonged pressures and shear loads at contact sites between their body and support surfaces, which over time, may cause PUs.[^2^](#iwj13435-bib-0002){ref-type="ref"}, [^3^](#iwj13435-bib-0003){ref-type="ref"}, [^4^](#iwj13435-bib-0004){ref-type="ref"} The PU risk increases 3.3‐fold when insensate patients are placed prone, with respect to a supine position.[^5^](#iwj13435-bib-0005){ref-type="ref"} Facial PUs are among the most common anatomical sites for PUs associated with prone positioning, which is typically used in all spinal surgeries, in large‐volume liposuctions, in nephrolithotomy (for treating large or complex renal stones) and where surgical access to the posterior head and neck is required.[^6^](#iwj13435-bib-0006){ref-type="ref"} Intraoperatively‐acquired PUs are reported to occur 5% to 66% of the times, correlating to an increase in the length of hospital stays by 6.7 days for those patients affected by PUs, therefore, adding approximately \$1.3‐billion in annual healthcare costs in the United States alone.[^6^](#iwj13435-bib-0006){ref-type="ref"}, [^7^](#iwj13435-bib-0007){ref-type="ref"}, [^8^](#iwj13435-bib-0008){ref-type="ref"}, [^9^](#iwj13435-bib-0009){ref-type="ref"}, [^10^](#iwj13435-bib-0010){ref-type="ref"} The longer the surgery time is, the greater the risk of an intraoperatively acquired PU.[^11^](#iwj13435-bib-0011){ref-type="ref"} In addition to surgery, the use of prone positioning is also rising sharply in intensive care units (ICUs) worldwide, where mechanically ventilated patients with acute respiratory distress syndrome (ARDS) resulting from the coronavirus 2019 disease (COVID‐19) are placed prone. Prone ventilation sessions of approximately 9 to 24 hours (depending on the practice across different facilities and patient conditions) appear to improve the chest wall mechanics, lung recruitability, and tissue oxygenation in ARDS COVID‐19 patients and to lower their risk of ventilator‐induced lung injuries.[^12^](#iwj13435-bib-0012){ref-type="ref"}, [^13^](#iwj13435-bib-0013){ref-type="ref"}, [^14^](#iwj13435-bib-0014){ref-type="ref"} Clearly, however, these COVID‐19 patients are also susceptible to facial PUs during the prone ventilation sessions, which is highlighted in new international clinical guidelines published since the outbreak of the pandemic.[^15^](#iwj13435-bib-0015){ref-type="ref"}, [^16^](#iwj13435-bib-0016){ref-type="ref"}

Prone positioning is associated with several important and potentially catastrophic complications, such as haemodynamic changes,[^17^](#iwj13435-bib-0017){ref-type="ref"}, [^18^](#iwj13435-bib-0018){ref-type="ref"}, [^19^](#iwj13435-bib-0019){ref-type="ref"}, [^20^](#iwj13435-bib-0020){ref-type="ref"} ophthalmologic and neurological complications,[^21^](#iwj13435-bib-0021){ref-type="ref"}, [^22^](#iwj13435-bib-0022){ref-type="ref"}, [^23^](#iwj13435-bib-0023){ref-type="ref"}, [^24^](#iwj13435-bib-0024){ref-type="ref"}, [^25^](#iwj13435-bib-0025){ref-type="ref"}, [^26^](#iwj13435-bib-0026){ref-type="ref"}, [^27^](#iwj13435-bib-0027){ref-type="ref"} visual loss,[^6^](#iwj13435-bib-0006){ref-type="ref"}, [^8^](#iwj13435-bib-0008){ref-type="ref"}, [^17^](#iwj13435-bib-0017){ref-type="ref"}, [^28^](#iwj13435-bib-0028){ref-type="ref"}, [^29^](#iwj13435-bib-0029){ref-type="ref"} and of course, PUs.[^6^](#iwj13435-bib-0006){ref-type="ref"}, [^8^](#iwj13435-bib-0008){ref-type="ref"}, [^9^](#iwj13435-bib-0009){ref-type="ref"}, [^17^](#iwj13435-bib-0017){ref-type="ref"}, [^30^](#iwj13435-bib-0030){ref-type="ref"}, [^31^](#iwj13435-bib-0031){ref-type="ref"}, [^32^](#iwj13435-bib-0032){ref-type="ref"}, [^33^](#iwj13435-bib-0033){ref-type="ref"}, [^34^](#iwj13435-bib-0034){ref-type="ref"} During prone surgical procedures, the primary support areas of the head are the forehead and chin, especially for patients positioned on an Andrews frame for prolonged spine procedures.[^31^](#iwj13435-bib-0031){ref-type="ref"}, [^33^](#iwj13435-bib-0033){ref-type="ref"} In addition to the muscle flaccidity and hypotensive effects associated with anaesthesia and the blood loss during surgery, the face has little muscle mass to provide blood supply to the skin and subcutaneous facial tissues under the sustained deformations caused by the weight of the prone head. This promotes the development of facial PUs, particularly at the primary support regions of the prone head, that is, the forehead and chin.[^8^](#iwj13435-bib-0008){ref-type="ref"}, [^28^](#iwj13435-bib-0028){ref-type="ref"} The overall thin facial tissue structures imply that the sustained deformations would have a damaging effect that extends beyond the skin, and indeed, there is anecdotal evidence that some of the facial PUs associated with a prone position is deep tissue injuries (DTIs).[^7^](#iwj13435-bib-0007){ref-type="ref"}, [^35^](#iwj13435-bib-0035){ref-type="ref"}, [^36^](#iwj13435-bib-0036){ref-type="ref"}, [^37^](#iwj13435-bib-0037){ref-type="ref"}, [^38^](#iwj13435-bib-0038){ref-type="ref"}, [^39^](#iwj13435-bib-0039){ref-type="ref"} The DTI nature of these facial injuries (which are difficult to heal without significant scarring compared with category 1/2 PUs[^35^](#iwj13435-bib-0035){ref-type="ref"}) requires a more comprehensive bioengineering approach to protect the facial soft tissues in prone positioning. Specifically, an adequate prophylactic intervention targeting the forehead and chin should have good biomechanical efficacy in alleviating both the superficial and deep facial soft tissue loads.

Typically, pressure ulcer prevention (PUP) involves routine skin assessments, frequent off‐loading of pressure points, and repositioning. Frequent off‐loading and repositioning reduce pressures, frictional forces, and shear in soft tissues, however, these interventions can pose a challenge in patients who are critically ill or treated prone.[^40^](#iwj13435-bib-0040){ref-type="ref"} The anaesthesia delivered to surgical and to ventilated ICU patients neutralises their ability to move spontaneously or otherwise respond to or report the discomfort and pain that precede tissue damage in PU formation. From a PUP perspective, the option of repositioning prone patients is either non‐existent -- that is, during surgery ‐ or very limited, for the ARDS COVID‐19 patients who are mechanically ventilated and connected to a variety of monitors, probes, and tubing. Only small micro‐shifts to offload pressure are recommended during the prone period due to the risk of dislodgement of tubes and devices and concerns over the loss of the physiological benefit of proning.[^41^](#iwj13435-bib-0041){ref-type="ref"}, [^42^](#iwj13435-bib-0042){ref-type="ref"} In addition, moving ARDS COVID‐19 patients into and out of the prone position is labour‐intensive, and requires multiple highly trained nursing staff to coordinate the positioning safely. For patients in the prone position, alternative approaches to reducing facial tissue loads should, therefore, be considered. Prophylactic intervention alternatives for lowering the risk of facials PUs in such scenarios, therefore, reduce to conducting regular skin assessments, skin hygiene regimens, and redistributing the contact loads by means of head positioners and prophylactic dressings.[^1^](#iwj13435-bib-0001){ref-type="ref"}, [^7^](#iwj13435-bib-0007){ref-type="ref"}, [^15^](#iwj13435-bib-0015){ref-type="ref"}, [^17^](#iwj13435-bib-0017){ref-type="ref"}, [^30^](#iwj13435-bib-0030){ref-type="ref"}, [^31^](#iwj13435-bib-0031){ref-type="ref"}, [^43^](#iwj13435-bib-0043){ref-type="ref"}, [^44^](#iwj13435-bib-0044){ref-type="ref"} With reference to the latter, perioperative nursing guidelines highlight the protective benefits in using dressings prophylactically to pad the eyes and facial tissues during prone surgeries,[^43^](#iwj13435-bib-0043){ref-type="ref"} similarly to the practice of protecting other at‐risk areas using dressings in supine procedures (ie, the sacrum and heels).[^4^](#iwj13435-bib-0004){ref-type="ref"}, [^7^](#iwj13435-bib-0007){ref-type="ref"}, [^15^](#iwj13435-bib-0015){ref-type="ref"}, [^17^](#iwj13435-bib-0017){ref-type="ref"}, [^43^](#iwj13435-bib-0043){ref-type="ref"}, [^45^](#iwj13435-bib-0045){ref-type="ref"}, [^46^](#iwj13435-bib-0046){ref-type="ref"} Also relevant is the common nursing practice of protecting the bridge of the nose using dressings cut to shape, prior to continuous positive airway pressure treatments in order to cushion the mask‐face interface.[^47^](#iwj13435-bib-0047){ref-type="ref"} Nevertheless, the biomechanical efficacy of prophylactic dressings in protecting facial weight‐bearing sites during prone positioning has not been studied so far.

Here we addressed the above problem for the first time by investigating the biomechanical performances of the Mepilex Border Flex dressing design (Mölnlycke Health Care, Gothenburg, Sweden) in protecting facial tissues while the head is prone. The aforementioned dressing belongs to the multi‐layered silicone‐foam dressing family; however, it is unique in offering considerable flexibility and extensibility, which are achieved through repeated patterns of Y‐shaped cuts in its retention and spreading layers. The flexibility of the dressing structure facilitates the management of multi‐directional bodyweight‐related forces. In theory, a substantial portion of the mechanical energy associated with such forces, particularly shearing forces acting at the plane of the Y‐cuts, should already be absorbed in the dressing structure through spreads of the cuts and, therefore, that energy does not reach the tissues.

To test this theory, and evaluate how the above dressing interacts with the facial tissues of a prone head, we used a computational anatomically realistic three‐dimensional (3D) head model, which considers the shape, composition, and mechanical behaviour of both the tissues and the applied dressings. The results of the present modelling work allowed to isolate the specific contributions of the studied dressing to the alleviation of forehead and chin tissue loads in prophylactic use. This information is critically needed for protecting surgical and ICU prone patients, including the ARDS COVID‐19 population, from devastating facial PUs.

2. METHODS {#iwj13435-sec-0004}
==========

In this work, two comparable 3D, anatomically accurate computational finite element (FE) model configurations of the adult human head were developed (Figure [1](#iwj13435-fig-0001){ref-type="fig"}). These two head model configurations were employed for providing quantitative information regarding potential differences in facial skin and subcutaneous fat loading during a prone surgical or intensive care position, with or without prophylactic dressing protection. The dressings, of the Mepilex Border Flex type, were applied in one model configuration as tissue protectors at the primary face‐support contact areas, the forehead, and chin. The head model without the dressings was used as a reference case, for comparison.

![The model geometry and determination of boundary conditions: A, The three‐dimensional (3D) anatomically‐accurate computational finite element (FE) model of an adult head in a prone surgical or intensive care position. The frame on the left‐hand side documents measurements of facial interface pressures when the head of a prone subject is positioned on a donut‐shaped headrest. B, Mid‐sagittal cross‐section through the 3D FE head model with magnification to visualise the structure of the multi‐layered Mepilex Border Flex dressing (Mölnlycke Health Care, Gothenburg, Sweden) which is simulated to be applied prophylactically here, to protect the forehead (in the magnified cross‐section) and chin. C, Inferior views of the 3D FE head model when positioned on the donut‐shaped headrest with the applied forehead and chin dressings (right frame) and without dressings (left frame). The contours of the head support are also shown in both cases, for clarity](IWJ-9999-na-g001){#iwj13435-fig-0001}

2.1. Geometry {#iwj13435-sec-0005}
-------------

Both FE model configurations employed the same male adult head geometry that was built using the visible human (male) project image database (Figure [1](#iwj13435-fig-0001){ref-type="fig"})[^48^](#iwj13435-bib-0048){ref-type="ref"} and, which has been investigated in multiple studies published by our group, for example, concerning the risk of a device‐related PU while wearing an oxygen mask.[^44^](#iwj13435-bib-0044){ref-type="ref"}, [^47^](#iwj13435-bib-0047){ref-type="ref"}, [^49^](#iwj13435-bib-0049){ref-type="ref"}, [^50^](#iwj13435-bib-0050){ref-type="ref"} Tissues in each transverse slice of the head model were segmented and then unified to create a 3D geometrical reconstruction using the Scan‐IP module of the Simpleware segmentation software package.[^51^](#iwj13435-bib-0051){ref-type="ref"} The dimensions of the head were 16.5 cm ear‐to‐ear and 21.5 cm occiput‐to‐forehead.[^52^](#iwj13435-bib-0052){ref-type="ref"} In order to simulate a prone surgical or intensive care position, the geometry of a generic donut‐shaped headrest, of the type often used for prone positioning in the above clinical settings, was also created using the Scan‐IP module of Simpleware. In addition, in one model configuration, we generated the aforementioned multi‐layered dressings at the forehead and chin with their detailed layered structure as shown in Figure [1B](#iwj13435-fig-0001){ref-type="fig"}.

2.2. Mechanical properties of the model components {#iwj13435-sec-0006}
--------------------------------------------------

In our general head modelling framework reported in,[^50^](#iwj13435-bib-0050){ref-type="ref"} the anatomical details of the brain, sinuses, optic nerves, eyeballs, and other soft tissue structures have been included.[^50^](#iwj13435-bib-0050){ref-type="ref"} However, in the present study, these neural and ophthalmic tissues do not influence the facial soft tissue loads. Therefore, we provide here only the mechanical properties of the relevant tissues of the head model for simulating prone positioning, that is, skin, subcutaneous fat, and skull tissues,[^47^](#iwj13435-bib-0047){ref-type="ref"}, [^50^](#iwj13435-bib-0050){ref-type="ref"} which were adopted from experimental work reported in the literature (Table [1](#iwj13435-tbl-0001){ref-type="table"}). Specifically, the bone tissue of the skull was modelled as a homogeneous, linear‐elastic, and isotropic material with an elastic modulus of 6484 MPa and a Poisson\'s ratio of 0.2. Facial skin and fat tissues were also assumed to be homogeneous and isotropic but were considered as non‐linear‐elastic materials, which undergo large deformations during head weight‐bearing. Accordingly, these soft tissues were represented using a Mooney‐Rivlin material model with a strain energy density (SED) function (*W*) as follows:$$W = C_{1}\left( {I_{1} - 3} \right) + C_{2}\left( {I_{2} - 3} \right) - 2\left( {C_{1} + 2C_{2}} \right)\mathit{lnj} + \frac{\lambda}{2}\left( \mathit{lnj} \right)^{2}$$where *I* ~*1*~ and *I* ~*2*~ are the first and second invariants of the right Cauchy‐Green deformation tensor, respectively, and *J* is the determinant of the deformation gradient tensor.

###### 

Mechanical properties and element data for all the finite element model components

  Model component                                                                                 Shear modulus \[MPa\]   Bulk modulus \[MPa\]   Elastic modulus \[MPa\] (*E*)   Poisson\'s ratio (*v*)   Number of mesh elements
  -------------------------------------------------------------------------------------------- -- ----------------------- ---------------------- ------------------------------- ------------------------ -------------------------
  Skin[^a^](#iwj13435-note-0001){ref-type="fn"}                                                   0.031900                3.1794                 ---                             ---                      129 413
  Fat[^b^](#iwj13435-note-0002){ref-type="fn"} ^,^ [^c^](#iwj13435-note-0003){ref-type="fn"}      0.000286                0.0285                 ---                             ---                      341 956
  Skull[^d^](#iwj13435-note-0004){ref-type="fn"}                                                  ---                     ---                    6483.6                          0.495                    159 263
  Donut‐shaped headrest                                                                           ---                     ---                    0.08                            0.495                    21 363

                                                        *E* ~x~   *E* ~y~   *E* ~z~   *v* ~xy~   *v* ~yz~   
  --------------------- ------------------- ----- ----- --------- --------- --------- ---------- ---------- --------
  Dressing (by layer)   Border              ---   ---   0.18      0.09      0.006     0.43       0.43       24 048
                        Non‐woven                       0.88      0.44      0.029     0.05       0.13       19 296
                        Polyurethane foam               0.14      0.07      0.005     0.3        0.3        13 830

Data were adopted from ref. [79](#iwj13435-bib-0079){ref-type="ref"}.

Data were adopted from ref. [80](#iwj13435-bib-0080){ref-type="ref"}.

Data were adopted from ref. [81](#iwj13435-bib-0081){ref-type="ref"}.

Data were adopted from ref. [82](#iwj13435-bib-0082){ref-type="ref"}.

Following the same computational methodology reported in our previous published work concerning FE simulations of the use of sacrum and heel prophylactic dressings,[^45^](#iwj13435-bib-0045){ref-type="ref"}, [^46^](#iwj13435-bib-0046){ref-type="ref"}, [^53^](#iwj13435-bib-0053){ref-type="ref"}, [^54^](#iwj13435-bib-0054){ref-type="ref"}, [^55^](#iwj13435-bib-0055){ref-type="ref"}, [^56^](#iwj13435-bib-0056){ref-type="ref"}, [^57^](#iwj13435-bib-0057){ref-type="ref"}, [^58^](#iwj13435-bib-0058){ref-type="ref"}, [^59^](#iwj13435-bib-0059){ref-type="ref"} the layers of the dressings applied here (Figure [1B](#iwj13435-fig-0001){ref-type="fig"}) were all considered elastic materials. The tensile elastic moduli associated with stretching of the dressing materials during weight‐bearing of the head in the prone position (*E* ~*x*~, *E* ~*y*~), the compressive elastic moduli of the dressing layers (*E* ~*z*~) and the Poisson\'s ratios were calculated. The pattern of the cuts embedded within the dressing structure was represented in the modelling through its effective contribution to the flexibility and low stiffness of the dressing (ie, the shape details of the individual Y‐cuts were not incorporated directly). These material property data are summarised in Table [1](#iwj13435-tbl-0001){ref-type="table"}. Lastly, the donut‐shaped headrest was considered as a homogeneous linear‐elastic isotropic material with an elastic modulus of 80 kPa and a Poisson\'s ratio of 0.495, based on the literature[^60^](#iwj13435-bib-0060){ref-type="ref"} (Table [1](#iwj13435-fig-0001){ref-type="fig"}).

2.3. Boundary and material interface conditions {#iwj13435-sec-0007}
-----------------------------------------------

We simulated weight‐bearing of the head on the donut‐shaped headrest in a prone position, which represents surgical and intensive care prone positioning. For this purpose, we applied a perpendicular force of 40 N (\~4 kg, which represents the weight of an adult male head) at the back of the modelled head, to push the head against the headrest, thereby simulating weight‐bearing. Contacts between the facial skin and headrest, between the skin‐facing side of the dressings and the skin, and between the outer dressing surfaces and the headrest were all set as "tie." Likewise, the skin‐fat and fat‐skull material interfaces were defined as "tie."

2.4. Numerical method {#iwj13435-sec-0008}
---------------------

Both head model configurations (with and without the dressings) were meshed using the Scan‐IP module of Simpleware. All elements were of the tetrahedral type; the numbers of elements in each model component are specified in Table [1](#iwj13435-tbl-0001){ref-type="table"}. The simulations were solved using the Pardiso FE solver (version 2.5) and post‐processed using PostView (version 1.10.2), which are both FEBio modules (University of Utah, Salt Lake City, Utah).[^61^](#iwj13435-bib-0061){ref-type="ref"}, [^62^](#iwj13435-bib-0062){ref-type="ref"} The runtime of each model configuration was approximately 2 hours, using a 64‐bit Windows 7‐based workstation with a central processing unit (CPU) comprising 2 Intel Xeon E5645 processors at a clock speed of 2.40 GHz and 64 GB RAM.

2.5. Validation with respect to facial interface pressure measurements {#iwj13435-sec-0009}
----------------------------------------------------------------------

For validation purposes, we measured the interface pressures between the foreheads of prone subjects (two females, one male, at ages of 26, 34, and 26 years, respectively, and bodyweights of 43, 52, and 81 kg, respectively) and a donut‐shaped headrest, using a pressure mat system (M‐flex model, Vista Medical Europe B.V., Maasbree, the Netherlands) (Figure [1A](#iwj13435-fig-0001){ref-type="fig"}). Dressings were not applied. Pressure measurements were acquired 1 minute after subjects were placed in the prone position. Peak and average forehead pressures were 6.84 ± 3.64 kPa and 2.4 ± 1.18 kPa, respectively (mean ± SD), in good agreement with the corresponding forehead pressure data calculated from the FE simulation of the weight‐bearing head model with no dressings. We attempted to use the same method for the chin, but it appeared that the anatomical contours were too curved for adequate interface pressure acquisition at that location.

2.6. Data analysis and outcome measures {#iwj13435-sec-0010}
---------------------------------------

The method of analysis of the data provided by the present FE simulations follows our previous published work where it is described in detail.[^44^](#iwj13435-bib-0044){ref-type="ref"}, [^47^](#iwj13435-bib-0047){ref-type="ref"}, [^49^](#iwj13435-bib-0049){ref-type="ref"}, [^53^](#iwj13435-bib-0053){ref-type="ref"}, [^54^](#iwj13435-bib-0054){ref-type="ref"}, [^55^](#iwj13435-bib-0055){ref-type="ref"}, [^56^](#iwj13435-bib-0056){ref-type="ref"}, [^57^](#iwj13435-bib-0057){ref-type="ref"}, [^58^](#iwj13435-bib-0058){ref-type="ref"}, [^59^](#iwj13435-bib-0059){ref-type="ref"}, [^63^](#iwj13435-bib-0063){ref-type="ref"} A brief explanation is provided here for completeness. First, we calculated the distributions of effective stresses and SEDs in the skin and subcutaneous fat tissues. Next, we plotted the volumetric exposures of skin and fat tissues to effective stresses and SEDs in the two relevant anatomical volumes of interest (VOIs), containing skin and fat tissues at the forehead (VOI1) and the chin (VOI2) (Figure [4](#iwj13435-fig-0004){ref-type="fig"}, left column). Finally, we calculated the percentage reduction in the area bounded under the tissue exposure curve when dressings have been applied with respect to the no‐dressing case, separately for the effective stress and SED data, and per each aforementioned anatomical VOI.

3. RESULTS {#iwj13435-sec-0011}
==========

The effective stress and SED distributions that developed on the facial skin with the applied dressings and without dressings are shown in Figure [2](#iwj13435-fig-0002){ref-type="fig"}. Without dressings, effective skin stress concentrations peaked at 7.3 kPa and 28.9 kPa at the forehead and chin, respectively. The patterns of these stress concentrations on the skin were elongated at the forehead (along the ear‐to‐ear direction) and diffused at the chin (Figure [2](#iwj13435-fig-0002){ref-type="fig"}; left column). Both stress concentrations reduced substantially in peak magnitudes (by 33% and 80% for the forehead and chin locations, respectively) and in their VOIs when the dressings were applied prophylactically (Figure [2](#iwj13435-fig-0002){ref-type="fig"}; right column). Analysis of the SED distributions in the skin and subcutaneous fat tissues revealed similar concentration patterns, but with more spread of the forehead SED concentration in fat than in skin (as fat tissue is less stiff and thereby deforms more). Peak SED values without dressings were 1.8 and 5.1 kPa at the forehead and chin, respectively (Figure [3](#iwj13435-fig-0003){ref-type="fig"}; left column). Again, the peak SED magnitudes decreased considerably with the dressings as tissue protectants (on skin: by 61% and 91%; in fat: by 35%, and 84% for the forehead and chin in each tissue, respectively; Figure [3](#iwj13435-fig-0003){ref-type="fig"}, right column).

![The effective stress distributions developed on the facial skin with applied Mepilex Border Flex (Mölnlycke Health Care, Gothenburg, Sweden) dressings (right frame) vs without dressings (left frame). The top and bottom frames show inferior and side views of the head in the prone position (with zooms of stress concentrations at the chin region), respectively](IWJ-9999-na-g002){#iwj13435-fig-0002}

![Strain energy density distributions on facial skin (top frames) and in subcutaneous fat (lower frames) from an inferior view of the head in the prone position, with applied Mepilex Border Flex (Mölnlycke Health Care, Gothenburg, Sweden) dressings (right column) vs without dressings (left column)](IWJ-9999-na-g003){#iwj13435-fig-0003}

Analysis of the tissue loading exposure curves (Figure [4](#iwj13435-fig-0004){ref-type="fig"}) was consistent with the above results and specifically indicated that with respect to the forehead (VOI1), application of a dressing resulted in 52% and 71% reductions in soft tissues exposures to effective stresses and SEDs, respectively (Figure [4A](#iwj13435-fig-0004){ref-type="fig"}). Likewise, with regard to the chin (VOI2), a dressing lowered the volumetric soft tissue exposures to effective stresses and SED by 78% and 92%, respectively (Figure [4B](#iwj13435-fig-0004){ref-type="fig"}).

![Cumulative percentages of soft tissue exposures to loading in volumes of interests (VOIs, marked as dashed boxes on the head model) containing facial skin and subcutaneous fat at the forehead (VOI1) and the chin (VOI2). The upper and lower plots per each VOI depict exposures to effective stresses and strain energy densities, respectively](IWJ-9999-na-g004){#iwj13435-fig-0004}

4. DISCUSSION {#iwj13435-sec-0012}
=============

Prone positioning is used in many invasive procedures in different surgical fields.[^6^](#iwj13435-bib-0006){ref-type="ref"}, [^7^](#iwj13435-bib-0007){ref-type="ref"}, [^17^](#iwj13435-bib-0017){ref-type="ref"}, [^20^](#iwj13435-bib-0020){ref-type="ref"}, [^28^](#iwj13435-bib-0028){ref-type="ref"} Despite the large variety of operation types requiring prone positioning, there is no published research concerning the biomechanical efficacy of PUP technologies for protecting prone surgical patients. During the present COVID‐19 pandemic, the use of prone positioning has expanded sharply, in ICUs, as those patients developing ARDS and who are mechanically ventilated are typically placed prone for sessions of approximately 16 hours or more and up to 24 hours, to improve their lung mechanics and tissue oxygenation.[^12^](#iwj13435-bib-0012){ref-type="ref"}, [^13^](#iwj13435-bib-0013){ref-type="ref"}, [^14^](#iwj13435-bib-0014){ref-type="ref"} New clinical guidelines have been released in this regard, recommending to apply pressure redistributing devices and prophylactic dressings to protect these COVID‐19 patients from facial PUs.[^15^](#iwj13435-bib-0015){ref-type="ref"}, [^16^](#iwj13435-bib-0016){ref-type="ref"}, [^43^](#iwj13435-bib-0043){ref-type="ref"} Nevertheless, there is scarce bioengineering research specific to PUP in prone positioning to support these urgently issued guidelines, particularly with regard to the biomechanical efficacy of prophylactic dressings in protecting prone patients from facial PUs. The present work was, therefore, conducted to address these critical and unmet needs.

In the above context, we evaluated facial tissue exposures to sustained head weight forces during a prone surgical or intensive care position, with or without prophylactic dressings applied at the forehead and chin. For this purpose, we developed two configurations of a computational, 3D anatomically realistic validated adult head model, which is rested prone, with or without the protective dressings, and used the FE method to analyse the skin and subcutaneous fat tissue loading states in each such configuration. Consistent with our published work on the efficacy of soft silicone‐foam multi‐layered prophylactic dressings in alleviating skin and deeper tissue loads,[^47^](#iwj13435-bib-0047){ref-type="ref"}, [^53^](#iwj13435-bib-0053){ref-type="ref"}, [^54^](#iwj13435-bib-0054){ref-type="ref"}, [^55^](#iwj13435-bib-0055){ref-type="ref"}, [^56^](#iwj13435-bib-0056){ref-type="ref"}, [^57^](#iwj13435-bib-0057){ref-type="ref"}, [^58^](#iwj13435-bib-0058){ref-type="ref"}, [^59^](#iwj13435-bib-0059){ref-type="ref"}, [^64^](#iwj13435-bib-0064){ref-type="ref"}, [^65^](#iwj13435-bib-0065){ref-type="ref"} we found that the presently studied dressings have a remarkable protective effect on facial tissues (Figures [2](#iwj13435-fig-0002){ref-type="fig"} and [3](#iwj13435-fig-0003){ref-type="fig"}). We attribute this protective efficacy to multiple factors that are all related to the engineering design of the specific dressings that were studied here. First, the dressings are soft and thick to the optimal extent that provides localised cushioning at the primary support contact areas of the prone head, that is, the forehead and chin. Second, the multi‐layered alternating stiffness structure of these dressings is effective in absorbing shear loads within the dressing, as demonstrated in our published work with regard to other body parts, for example, the sacrum and heels.[^53^](#iwj13435-bib-0053){ref-type="ref"}, [^54^](#iwj13435-bib-0054){ref-type="ref"}, [^55^](#iwj13435-bib-0055){ref-type="ref"}, [^56^](#iwj13435-bib-0056){ref-type="ref"}, [^57^](#iwj13435-bib-0057){ref-type="ref"}, [^58^](#iwj13435-bib-0058){ref-type="ref"}, [^59^](#iwj13435-bib-0059){ref-type="ref"}, [^64^](#iwj13435-bib-0064){ref-type="ref"}, [^65^](#iwj13435-bib-0065){ref-type="ref"} Third, the considerable flexibility of the dressing structure (achieved through the repeated Y‐shaped cut patterns embedded in its retention and spreading layers) appears to add to its capability of alleviating the bodyweight loads, as we have demonstrated before for sacral multi‐layered prophylactic dressings tested against simple and conventional dressing designs (Figures [2](#iwj13435-fig-0002){ref-type="fig"} and [3](#iwj13435-fig-0003){ref-type="fig"}).[^54^](#iwj13435-bib-0054){ref-type="ref"}, [^56^](#iwj13435-bib-0056){ref-type="ref"}, [^58^](#iwj13435-bib-0058){ref-type="ref"}, [^59^](#iwj13435-bib-0059){ref-type="ref"}

In clinical practice, multi‐layered silicone‐foam prophylactic dressings have become a widely accepted adjunct PUP method in patients considered to be at‐risk. Clinical trials conducted with these dressings in patients in the supine position have demonstrated positive outcomes.[^45^](#iwj13435-bib-0045){ref-type="ref"}, [^46^](#iwj13435-bib-0046){ref-type="ref"} While there are limited experimental studies in the form of clinical trials for the use of these dressings in patients in the prone position, the biomechanical evidence presented here supports the use of these dressings to reduce facial PUs during prone positioning. The possibility of integrating research into clinical care can take considerable time initially to obtain the necessary ethical approvals for the research, and later to fully train the study team before initiating the project. Public health emergencies, such as the COVID‐19 pandemic, create an urgent need to prevent negative outcomes, including PUs, and therefore, to use materials that are currently available and techniques we already know. The use of soft silicone‐foam multi‐layered prophylactic dressing is a practical solution in clinical care, and the present computational modelling work strongly supports this approach.

The above dressings have been recommended for and applied to areas at‐risk of PUs in COVID‐19 prone patients.[^15^](#iwj13435-bib-0015){ref-type="ref"}, [^43^](#iwj13435-bib-0043){ref-type="ref"} Recent publications concerning prone patients suggest that soft silicone‐foam multi‐layered prophylactic dressings are generally well‐tolerated and demonstrate adjunct efficacy in PUP.[^66^](#iwj13435-bib-0066){ref-type="ref"}, [^67^](#iwj13435-bib-0067){ref-type="ref"} These dressings minimise shearing of the skin when the patient is placed in the prone position and also wick away moisture and allow perspiration to evaporate and not remain on the skin, which further contributes to the reduction of the frictional forces acting on the skin.[^68^](#iwj13435-bib-0068){ref-type="ref"}, [^69^](#iwj13435-bib-0069){ref-type="ref"}, [^70^](#iwj13435-bib-0070){ref-type="ref"}, [^71^](#iwj13435-bib-0071){ref-type="ref"}

Considerations for use of prophylactic dressings on the facial area comprise the dressing sizes, the applied skin assessment protocol, and the frequency of dressing changes. The dressing sizes used for COVID‐19 prone patients clearly depend on the head dimensions of the individual, but coauthor MBJ who treated a substantial number of COVID‐19 patients noted that the dressing types studied here were suitably sized for protecting the face of COVID‐19 patients at her medical facility. Pulling back the dressings and inspecting the skin beneath them on a daily basis is recommended. The recommended frequency of dressing changes is given in the manufacturer\'s instructions. Lastly, these dressings should be used in conjunction with other comprehensive PUP strategies, such as careful positioning and small micro‐shifts to the head and chin every 2 hours to offload pressures.[^15^](#iwj13435-bib-0015){ref-type="ref"}

The analysis of SED distributions in the skin and subcutaneous fat tissues revealed similar concentration patterns, but with more intensity and spread of the forehead SED concentrations in fat than in skin, suggesting greater risk for a forehead DTI than direct skin damage for prone positioning (Figure [3](#iwj13435-fig-0003){ref-type="fig"}). Indeed, clinical reports describe forehead injuries associated with prone positioning as DTIs rather than as skin lesions.[^7^](#iwj13435-bib-0007){ref-type="ref"}, [^35^](#iwj13435-bib-0035){ref-type="ref"}, [^36^](#iwj13435-bib-0036){ref-type="ref"}, [^37^](#iwj13435-bib-0037){ref-type="ref"}, [^38^](#iwj13435-bib-0038){ref-type="ref"}, [^39^](#iwj13435-bib-0039){ref-type="ref"} The involvement of the DTI pathway calls for applying a more holistic approach in protecting tissues so that the prophylactic measures target both the superficial and deeper facial soft tissue structures. The latter, deep tissue protection can be achieved, for example, by using the fluidised positioner technology, which has been demonstrated to have high biomechanical efficacy in protecting scalp tissues, and is, therefore, likely to also be effective in facial protection against PUs.[^44^](#iwj13435-bib-0044){ref-type="ref"}, [^49^](#iwj13435-bib-0049){ref-type="ref"}

Limitations are inevitable in any modelling work and should be discussed here for completeness. An important assumption is that the anatomy and biomechanical properties of tissues considered in the modelling represent healthy conditions, and do not account for aged, diabetic, or abnormally fragile skin. While prophylactic dressings will not necessarily induce the same biomechanical conditions in tissues of different individuals, they are expected, based on the present work, to substantially lower the patient‐specific tissue load levels with respect to a no‐dressing‐protection state. In other words, the application of dressings on the forehead and chin of prone patients will always provide facial tissue protection at the sites of application, but not the same level of protection for all patients. The individual level of protection would depend not only on the skin conditions but also on the subdermal tissue quality, the shapes of the skull surfaces and the weight of the head of the person, as well as on the functions of the body system that are relevant to PU aetiology, particularly the inflammatory and cardiovascular systems, as reviewed in the literature.[^71^](#iwj13435-bib-0071){ref-type="ref"}, [^72^](#iwj13435-bib-0072){ref-type="ref"}, [^73^](#iwj13435-bib-0073){ref-type="ref"}, [^74^](#iwj13435-bib-0074){ref-type="ref"}

5. CONCLUSIONS {#iwj13435-sec-0013}
==============

To conclude, in this study, we found that applying prophylactic dressings of the type studied here to the forehead and chin remarkably alleviates the facial soft tissue loads at these sites when the head is prone, by more than 50% (at both sites) with respect to the no‐dressing case. Accordingly, this study provides, for the first time, solid biomechanical evidence to support the practice of nurses in applying multi‐layered silicone‐foam dressings to protect the face of patients undergoing prone surgeries or ICU treatments. The present work is more relevant than ever, given the exponential rise in the numbers of mechanically ventilated ARDS COVID‐19 patients added to the global healthcare system with the current pandemic.[^12^](#iwj13435-bib-0012){ref-type="ref"}, [^13^](#iwj13435-bib-0013){ref-type="ref"}, [^14^](#iwj13435-bib-0014){ref-type="ref"}, [^15^](#iwj13435-bib-0015){ref-type="ref"}, [^16^](#iwj13435-bib-0016){ref-type="ref"}, [^43^](#iwj13435-bib-0043){ref-type="ref"} A next relevant research step would be to determine the microclimate under prophylactic dressings in a prone position, as evaluated in our previous work,[^75^](#iwj13435-bib-0075){ref-type="ref"}, [^76^](#iwj13435-bib-0076){ref-type="ref"} particularly since fever is a common symptom of COVID‐19. This question can be addressed by means of the multi‐physics computational modelling approaches recently developed and reported by our research group.[^47^](#iwj13435-bib-0047){ref-type="ref"}, [^77^](#iwj13435-bib-0077){ref-type="ref"}, [^78^](#iwj13435-bib-0078){ref-type="ref"} Finally, more evidence in the form of bioengineering modelling work and clinical research is needed to guide practice and to inform the use of soft silicone‐foam multi‐layered prophylactic dressings to not only prevent facial PUs but also for using dressings at other pressure points in a prone position.
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